Abstract
Industrial components, systems and products are subject to multiple degradation processes and failure modes, 2 i.e. wear, corrosion, fracture, fatigue, and etc. [1, 2] . Such processes are often "competing" in leading to failure [3] 3 and may be dependent on each other in a number of ways, in which case they are referred to as dependent competing 4 failure processes (DCFPs) [4] . Various dependencies have been discussed in literature, e.g., the statistical dependency 5 described by joint probability distributions [5, 6] , copulas [7, 8] , and the functional dependency described by failure 6 propagation and isolations [9-11], etc. In this paper, we consider the dependency between two types of failure 7 processes: degradation failure processes (or soft failures) and catastrophic failure processes (or hard failures) [12] . In 8 practice, soft failures are modeled by an evolving degradation process and hard failures are modeled by a random 9 shock process. Models that consider both degradation and random shocks are called Degradation-Threshold-Shock 10 (DTS) models [13, 14] . In literature, most DCFPs are modeled by DTS models.
11
An early DTS model was developed by Lemoine and Wenocur [15] , where degradation is modeled by a diffusion 12 process and fatal shocks are modeled by a Poisson process. Soft failures are defined with respect to the degradation 13 reaching pre-established critical values and hard failures arrive in correspondence of the occurrence of fatal shocks.
14 Klutke and Yang [16] have developed an availability model for systems subject to degradations and random shocks, 15 where degradations occur at a constant rate and shocks follow a Poisson process. Marseguerra et al.
[17] and Barata 16 et al. [18] investigate condition-based maintenance optimizations for deteriorating systems subject to degradations 17 and random shocks. Li and Pham [12, 19 ] develop a reliability model and an maintenance model for multistate 18 degraded systems considering two degradation processes and a shock process. In a recent paper by Lin et al. [20] , a 19 DTS model has been developed, where the degradation process is modeled by a continuous-time semi Markov 20 process and the shock process is modeled using a homogeneous Poisson process. 21 To consider the dependence between degradations and shocks, Peng et al. [4] assume that the arriving shock 22 would bring a sudden increase to the normal degradation process and develop a probabilistic model to calculate the 23 system's reliability. Wang and Pham [21] use a similar approach to model DCFPs and determine the optimal imperfect 24 preventive maintenance policy. Keedy and Feng [22] (measured by sizes of wear debris). To the best of our knowledge, the zone shocks process has only been considered 3 in the shock-degradation dependence model [1] . However, after a careful literature review, we find that there are no 4 existing models that consider both the degradation-shock dependence and the zone shocks.
5
In this paper, we develop a new DCFP model which considers degradation-shock dependence and zone shocks.
6
The developed model contributes to the existing scientific literature and to engineering practice in two aspects: 
Engineering problem setting

17
The model developed in this paper is motivated by the actual engineering problem of modeling the reliability of A sliding spool is subject to two failure mechanisms [29] . One is wear between the spool and the sleeve, and the 24 other is clamping stagnation (also referred to as hydraulic locking or sticking), in which the spool is stuck in the 6 sleeve. In practice, wear can be modeled by a physical deterioration model, for example, the linear Archard model 1 suggested by Liao [29] . The modeling of clamping stagnation, however, is more complex because the factors 2 contributing to clamping stagnation are much more varied. According to the survey by Sasak and Yamamot [30] , one 3 of the major causes of clamping stagnation is the sudden appearance of pollutant in the hydraulic oil, which can be 4 modeled by a random shock model. The pollutant may come inside the hydraulic system from the outside 5 environment or be generated by the hydraulic system itself. One significant source of internal pollutant is the wear 6 debris generated due to the wear of the sliding spool. Therefore, the random shock process is dependent on the wear 7 process: As the wear process progresses, more wear debris is generated. The debris will contaminate the hydraulic 8 oil and further, increase the likelihood of clamping stagnation [31, 32] . This kind of dependence, caused by the 9 influence of degradation on shocks, needs to be considered when developing the reliability model of the spool valve. 10 Furthermore, experimental results show that the most harmful effect of shocks is generated by wear debris, 11 whose sizes are either close to or much smaller than the clearance of the sliding spool [30, 45, 47] . This is because 12 the clamping stagnation is caused by two failure mechanisms, immediate stagnation and cumulative stagnation [45].
13
When a particle with a size close to the clearance is generated, it causes immediate stagnation of the sliding spool zone causes immediate failure of the system; a shock in the safety zone has no effect on the system's failure behavior.
10
Note that the three shock zones in Figure 3 are shown for illustrative purposes only. In different applications, case-11 specific shock zones can be defined based on the magnitude of the shocks. 12 Degradation-shock dependence exists among the failure processes, that is, the arrival rate of the random shocks 13 is dependent on the degradation levels, as illustrated in damage model, which assumes that the shock damage is linearly dependent on the shock magnitude. Similar damage 21 models can be found in [1, 52] . 22 Remark 2: the assumption that the intensity of the NHPP is a linear function of the degradation level is adapted 23 from the assumption proposed by Mercer [53] . In Mercer's model, the traumatic failure intensity is of the form 
Modeling zone shocks
2 Once a random shock arrives, we should first classify it into one of the three zones according to its magnitude.
3 Let 1 2 3 ,, P P P denote the probabilities that the i th shock belongs to the damage, fatal and safety zone, respectively.
4
It is clear that 1 2 3 1. where 12 1 PP  , then, the resulting sub-processes are independent NHPPs with intensities
The conclusion can be easily generalized to the three-sub-processes case, which leads to the following proposition: (3) the cumulative damage resulting from shocks in the damage zone does not exceed its threshold H before t . 21 Therefore, we can express the reliability at time t as:
10 Equation (6) comes from a direct application of the total probability formula. (4)), 1 2 3 ,, E E E are dependent. However, once the value of θ is fixed, the three events become conditional-4 independent [50]. Therefore, we can apply the total probability formula on θ in (6), which leads to: 
14 The probability   , , , where 2 P is the probability that the arrival shock belongs to the fatal zone. 
The computational complexity of the simulation method is is the computational complexity of each evaluation of the objective function, i.e., the
To implement the algorithm in practice, the values for 
Model development
15
In this section, the developed DCFP model is applied to describe the failure behavior of a sliding spool. The 16 case study is artificially constructed, based on a realistic physical background, to illustrate the proposed modeling 17 framework. As discussed in Sect. 2, the sliding spool is subject to two dependent failure processes, wear and clamping 18 13 stagnation. According to a study of physics-of-failures [29] , the wear of the sliding spool increases smoothly for most 1 of its lifetime, and therefore the wear process can be modeled by a linear model:
where the initial value  is a constant and the degradation rate  is assumed to be a normal random variable. 
Reliability evaluation
23
The numerical algorithm presented in Sect. 3.4 is used to evaluate the reliability of the sliding spool based on 24 the developed model. In this application, the values for the model parameters are estimated by domain experts. For 14 illustrative purposes, we assume the expert estimations are accurate and given in Table 1 . In practice, parameters 1 related to degradation processes and random shocks, for example, the  and  in Table 1, could be estimated   2 from test data.
3 Table 1 is no dependence between the two failure processes,   Rt takes the largest values. This is mainly due to the 10 dependence mechanism between wear and clamping stagnation. As the wear process progresses, more wear debris is 11 generated and, the arrival rate of particles causing clamping stagnation increases. In this way, clamping stagnation is 12 aggravated by wear. Therefore, positive dependence exists between the two failure mechanisms, as described by (20).
13
Proactively, this suggests that if we can mitigate the dependence between the two failure processes, the reliability of 14 the sliding spool could be enhanced. In practice, filters can be installed to stop the debris generated by wear processes 15 from entering the hydraulic oil. In this way, the dependence between wear and clamping stagnation can be controlled, 16 so that the reliability of the sliding spool can be increased. stagnation. Because the rate of the clamping stagnation is relatively small, the sliding spool will have high 7 reliability, which is indicated by the first part of the reliability curve. is small, the failure probability of the sliding spool is relatively high due to the positive dependence between the 14 two failure processes. Hence, the difference between the two failure behaviors in the independent case becomes 15 small. Therefore, the reliability curve declines more smoothly comparing to the independent case. 
Some extensions
3
In real cases, the dependency behaviors might be more complicated. For example, as the debris accumulates, 4 more wear and debris are expected. As a consequence, the intensity of the shock arrival process might not only depend 5 on the degradation level, but also on the accumulated shock damage W  . Furthermore, the size of the wear debris 6 might also be affected by the degradation levels. In addition, the degradation rate also depends on the accumulated 7 shock damage, i.e., the shock-degradation dependence. In this section, we show how to extend the developed model (21), and on the system's degradation rate, as shown in (23). As W  increases, on one hand, 11 more shocks occur, which increases the probability of a hard failure; on the other hand, the system degrades more 
Conclusions
14
In this paper, a new reliability model is developed for dependent competing failure processes. In the developed 15 model, failure of a component could be caused by either "soft" failure (described by a degradation model) or "hard" a sliding spool, which is subject to wear and clamping stagnation.
11
In the future, additional work will be done to further improve the developed model. First of all, in this paper we 12 only consider a simple dependence scenario, where linear dependence exists between the intensity function and the 13 degradation processes. In the future, the influence of other dependence relations, possibly nonlinear, will also be 14 considered. Second, in this paper we only consider the degradation-shock dependence. In the future, the combination 15 of two types of dependencies will be considered. Third, in this paper we assume that the parameters of the model are 16 perfectly known. In practice, however, many times precise values of the parameters are not available due to limited 17 data and knowledge. Hence, the model is subject to epistemic uncertainty, whose effect will also be studied. 
